Gurney flaps are used for improving the performance of variable speed rotors. An analytical model able to predict helicopter rotor power is first presented, and the flight data of the UH-60A helicopter is used for validation. The predictions of the rotor power are in good agreement with the flight test data, justifying the use of this tool in analyzing helicopter performance. A fixed Gurney flap can enhance the performance of variable speed rotors and expand the corresponding flight envelop, especially near stall and high speed flight. A retractable Gurney flap at 1/rev yields more power savings than a fixed Gurney flap or a retractable one with higher a harmonic prescribed motion. At a speed of 200km/h, the retractable Gurney flap at 1/rev can obtain 3.22% more power reduction at a rotor speed of 85% nominal rotor speed, and this value is 8.37% at a speed of 220km/h. The height corresponding to the minimum power increases slowly in low to medium speed flight, and increases dramatically in high speed flight. With increasing take-off weight (i.e. rotor thrust), the retractable Gurney flap at 1/rev can obtain more rotor power savings.
INTRODUCTION
Reducing rotor speed in hover and forward flight, has been extensively investigated to save helicopter power and improve helicopter performance [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Kang et al. analyzed several rotor morphing concepts, and the comparisons showed that a reduced rotor speed could yield more power savings than other investigated concepts [10] . Varying rotor speed, primarily changes the rotor profile power. At high thrust and/or high speed, the rotor induced power and/or fuselage parasitic power dominate the helicopter power. The potential of the variable rotor speed in decreasing rotor power diminishes significantly in these flight states [6, 8] .
The Gurney Flap (GF) is a lift enhancement device, invented by the race car driver Dan Gurney in 1960s [11] . GF attracted much attention not only due to its efficiency and simplicity, but also due to its lower power consumption than a plain-flap configuration [12] . It has been extensively explored to improve helicopter rotor performance. The investigations by Kentfield indicated that GFs could enhance helicopter rotor performance under many circumstances [13] , which is primarily due to the increase of the maximum lift coefficient, and lift-to-drag ratio in the retreating side of rotor blades.
Kinzel et al. utilized deployable GFs (Miniature
Trailing-Edge Effectors, MiTEs) to obtain helicopter power savings [14] . The analysis showed that MiTEs were most effective for increasing performance at high altitude, large payloads, high flight speeds, or any combination of these, which is because of their better performance near stall. Pastrikakis et al. investigated the potential effect of a GF on the performance of W3 Sokol blade in hover and forward flight [15, 16] . The results showed an increase in the aerodynamic performance by GFs, especially for high thrust conditions. GFs can also be utilized to reduce vibrations in helicopter rotors. Min et al. calculated the performance of a rotor equipped with a GF in forward flight, and descent using a hybrid Navier-Stokes/free-wake solver [17] . 
MODELING AND VALIDATION
To determine the parameters of GF for , and the height is given as a prescribed value. In the following analysis, the maximum height ratio / is limited to be less than 5.0% and the GF extends from 70% to 90% of the rotor radius.
Figure 4 Comparison between test and prediction data.
The power reduction ratio is defined to determine the benefit in rotor power savings as
where, is the rotor power to be compared with, and is the baseline rotor power. The baseline power is defined as the rotor power at sea level at 100% Ω and without any GF. In the following analysis, the baseline weight is 8322.3kg, and the corresponding weight coefficient at 100% Ω is 0.0065. Figure 5 Configuration of a GF.
GF WITH FIXED HEIGHT
For different rotor speeds and GF heights, the helicopter rotor power is shown in Figure 6 
RETRACTABLE GF
In the following analysis, the GF height is prescribed as
where, is the average GF height, the harmonic number, the rotor speed, and the phase of harmonic motion. Reducing the rotor speed, larger height is needed. At high forward speed, a GF larger than 2.5%c is needed, which indicates that the maximum forward speed can be extended if a larger GF is available.
1/rev
The collective pitch 0 , longitudinal cyclic pitch 1 , and lateral cyclic pitch 1 at a rotor speed of 90%Ω with and without the 1/rev GF are compared
with the values at 100%Ω are shown in Figure 15 .
The trends are similar as those of the fixed height GF.
The deployment of the 1/rev GF decreases 0 , and its magnitude is a slightly larger than the fixed height 
2/rev
For different forward speeds, the influence of the phase of the 2/rev retractable GF on the power is shown in Figure 18 . The magnitude is set to 2%c.
At low to medium forward speed, the power changes 
4.3.
Higher Harmonic GF 2) The 1/rev retractable GF can yield more power savings than a fixed one. At a speed of 200km/h, the 1/rev GF obtained 3.22% more power reduction at a rotor speed of 85%Ω. This value was 8.37% at 220km/h. The flap height corresponding to the minimum power increases slowly at low to medium flight speed, and increases much higher at high speed flight.
CONCLUSIONS
3) The 1/rev GF can obtain more rotor power savings for larger weights.
4) The 2/rev retractable Gurney flap gives smaller power savings than the 1/rev GF at the same fight condition. The average height is also smaller than for the 1/rev GF.
5) The power reduction decreases with the increase of the GF harmonics. The 1/rev GF can obtain the maximum power savings, and it is also larger than the fixed height GF.
6) The deployment of the GF decreases the collective pitch by a small amount. The changes to the cyclic pitches and tilt of rotor shaft were relatively small.
Finally, it is noted that the precise numbers given above are specific to the blade utilized in this work. For a rotor with different planform, airfoils, diameter, etc., the optimum deployment and performance improvement levels may vary.
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